Gaoetal.
Biotechnology for Biofuels and Bioproducts
https://doi.org/10.1186/513068-022-02141-x

Biotechnology for Biofuels
and Bioproducts

RESEARCH Open Access
)]

Check for
updates

(2022) 15:53

Intron retention coupled
with nonsense-mediated decay is involved
in cellulase biosynthesis in cellulolytic fungi

Yichen Gao', Ai-Ping Pang', Leyao Ma', Haiyan Wang', Samran Durrani', Bingzhi Li%, Fu-Gen Wu' and
Fengming Lin""

Abstract

Background: Knowledge on regulatory networks associated with cellulase biosynthesis is prerequisite for exploita-
tion of such regulatory systems in enhancing cellulase production with low cost. The biological functions of intron
retention (IR) and nonsense-mediated mMRNA decay (NMD) in filamentous fungi is lack of study, let alone their roles in
cellulase biosynthesis.

Results: We found that major cellulase genes (cel7a, cel7b, and cel3a) exhibited concomitant decrease in IR rates
and increase in their gene expression in T. reesei under cellulase-producing condition (cellulose and lactose) that was
accompanied with a more active NMD pathway, as compared to cellulase non-producing condition (glucose). In the
presence of the NMD pathway inhibitor that successfully repressed the NMD pathway, the mRNA levels of cellulase
genes were sharply down-regulated, but the rates of IR in these genes were significantly up-regulated. Consistently,
the cellulase activities were severely inhibited. In addition, the NMD pathway inhibitor caused the downregulated
mRNA levels of two important genes of the target of rapamycin (TOR) pathway, trfkbp12 and trTOR1. The absence of
gene trfkbp12 made the cellulase production in T. reesei more sensitive to the NMD pathway inhibitor.

Conclusions: All these findings suggest that the IR of cellulase genes regulates their own gene expression by cou-
pling with the NMD pathway, which might involve the TOR pathway. Our results provide better understanding on
intron retention, the NMD pathway, and cellulase production mechanism in filamentous fungi.
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Introduction splicing (AS) process [1]. AS is a well-conserved mecha-

In multicellular organisms, a pre-mRNA is composed of
exons intervened with introns. The interspersed introns
can be removed through a large multiprotein splicing
complex (the spliceosome) to yield the mature mRNA.
During this splicing processing, a pre-mRNA can gener-
ate one or more functional transcripts by the alternative
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nism for producing multiple isoforms of mRNA and/or
proteins to increase the diversity of the transcriptome
and proteome under varied physiological circumstances,
therefore, overcoming the limitations caused by a finite
genome and aiding an organism in accommodating to the
changing environment [2]. There are seven main types
of AS events: mutually exclusive, intron retention, cas-
sette exons, alternative initiation, alternative termination,
alternative donors, and alternative acceptors [3].

In intron retention (IR), introns that are supposed to be
spliced appear in mature mRNA and subsequently par-
ticipate in the translation process. At first, IR had been
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considered useless resulting from the malfunctioning of
the spliceosome, and has been relatively ignored. Never-
theless, the role of IR has been studied more extensively
in recent years. Retained introns affect the localization,
translatability, stability, and function of the transcripts
containing them [4]. IR plays an essential role in the reg-
ulations of gene expression, mRNA localization, tissue-
specific protein diversity, alternative splicing, and dosage
compensation of the X chromosome, participating in
biological events, such as stress response, development,
tissue differentiation, and disease [5, 6]. An increasing
research has demonstrated that intron retention is widely
found in animals, plants and fungi, serving as one of the
effective strategies for post transcriptional regulation
in eukaryotes [5]. In fungi, IR is reported to be involved
in fungal cell complexity, pathogenicity [7], heat shock
response [8], the nutrient sensing, such as glucose [9],
and nitrogen source [10]. However, the function of IR
in fungi has not been well studied, as compared to the
extensive study of IR in animals and plants.

The intron-containing transcripts usually accommo-
date one or more premature termination codons (PTCs),
which allow them to be recognized and degraded by non-
sense-mediated mRNA decay (NMD), inhibiting the pro-
duction of potentially harmful proteins [11]. The coupling
of IR with NMD (IR-NMD) poses an additional post-
transcriptional regulatory layer that can control mRNA
quality and gene expression level [5]. IR-NMD can regu-
late a gene function via upregulating the expression of a
non-functional NMD-targeted isoform of the gene, and
consequently reducing the translation of the protein [12].
IR-NMD is rarely studied in filamentous fungi.

Cellulose is found widely in nature (leaves, grass, and
wood) and waste materials (municipal wastes and agri-
cultural wastes). The cellulase-mediated bioconversion
of cellulose to fermentable sugars for biomass-derived
biorefinery is potent, sustainable, and environment-
friendly. Cellulase is a mixture of extracellular enzymes
acting collaboratively for cellulose decomposition,
majorly including endoglucanase (CMC; EC 3.2.1.4)
cleaving cellulose in an endo-acting way and exhibit-
ing a great affinity towards the soluble cellulose deriva-
tives, cellobiohydrolase (CBH; EC 3.2.1.91) working as
exoenzymes to generate cellobiose from cellulose, and
B-glucosidase (BGL; EC 3.2.1.21) converting cellobi-
ose to glucose [13, 14]. Cellulose is the efficient natural
inducer for cellulase production by filamentous fungi,
such as Trichoderma reesei, Neurospora crassa, Asper-
gillus nidulans, and Penicillium decumbens, followed by
lactose, while glucose is the repressor of cellulase pro-
duction. The knowledge on the regulatory molecular
mechanism of cellulase synthesis in filamentous fungi is
prerequisite for rationally engineering fungal strains to
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improve the production of cellulase and other proteins,
such as pharmaceutical proteins and industrial enzymes,
which has received increasing attention [15]. It has been
reported that cellulase production is regulated by varied
signal pathways, such as carbon catabolite repression
(CCR) [16], calcium signal transduction pathway [17],
and the TOR pathway [18]. When glucose exists, CCR is
induced through the transcription factor CRE1 to almost
completely block the cellulase production [16]. In con-
trast, the Ca®>" burst through calcium signal transduc-
tion pathway can strengthen the cellulase production and
cell metabolism [17]. However, whether IR and NMD is
involved in cellulase biosynthesis in filamentous fungi
and how, remain totally unknown.

In this study, to investigate the function of IR-NMD in
cellulase production in filamentous fungi, the mRNA lev-
els and IR rates of the three major cellulase genes (cel7a,
cel7b, and cel3a) in T. reesei, a well-known work horse
for industrial cellulase production [19], were investigated
under cellulase non-producing conditions together with
the mRNA levels of the NMD pathway. A lower IR level
with a more active NMD pathway was observed under
cellulase-producing than under cellulase non-producing,
suggesting a key role of IR-NMD in cellulase biosyn-
thesis. To further verify this finding, the NMD pathway
inhibitor was explored to repress the NMD pathway,
leading to the increased IR rates and decreased mRNA
levels of cellulase genes as well as significantly decreased
cellulase production on cellulose. Moreover, the effect of
the NMD pathway inhibitor on the phenotype of T. reesei
and the TOR pathway was investigated. This study pro-
vides new knowledge on the regulation mechanism of
cellulase production in terms of IR-NMD.

Materials and methods

Strains and culture condition

T. reesei RUT-C30 (CICC 13,052) was purchased from
China Center of Industrial Culture Collection (CICC).
T. reesei RUT-C30 activated with Sabouraud Dextrose
Broth (SDB) for 48 h was cultivated in Trichoderma
minimal medium (TMM) [20] containing NMD inhibi-
tor for 7 days. The TMM medium was prepared as fol-
lowed (all concentrations in g/L unless otherwise noted):
ammonium sulfate, 4; potassium dihydrogen phosphate,
6.5; tween-80, 0.0186% (v/v); yeast extract, 0.25; tryptone,
0.75; maleic acid, 11.6; cellulose, 2% (w/t); zinc sulfate
heptahydrate, 0.0014; manganese sulfate monohydrate,
0.0016; cobalt chloride hexahydrate, 0.002; ferrous sulfate
heptahydrate, 0.005; urea, 1.00; calcium chloride, 0.60;
magnesium sulfate, 0.60. The pH of TMM was adjusted to
5.8 ~6.0 by sodium hydroxide. The NMD pathway inhibi-
tor caffeine was ordered from APExBIO. Actinomycin D
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was purchased from National Standard Material Center.
All chemicals utilized in this research were ordered from
Sigma-Aldrich, USA.

Shake flask cultivation

T. reesei was cultured on potato dextrose agar (PDA)
plate at 28 °C for 7 days to reach 10’/mL conidia. The
conidia of 0.5 mL were inoculated into 10 mL SDB and
incubated for 2 days at 28 oC with 220 rpm. Then 5 mL of
the preculture were transferred to a 250 mL Erlenmeyer
flask containing 50 mL TMM media containing different
concentrations of the NMD pathway inhibitor (caffeine)
as indicated in the text together with actinomycin D for
stabilizing the mRNA level [21], and cultivated at 28 °C
with 220 rpm for 7 days. Samples were taken every 24 h
and centrifuged at 14,000 g for 10 min at 4 °C to sepa-
rate the mycelia and the supernatant. The obtained myce-
lia were utilized for RNA extraction, DNA extraction
and confocal observation, while the supernatants were
used for cellulase activity assay and conidia counting.
Strain RUT-C30 cultured in TMM with different carbon
sources (cellulose, lactose and glucose) without the NMD
pathway inhibitor was set as the controls.

RNA extraction and real-time quantitative PCR

Total RNA of T. reesei RUT-C30 and caffeine-treated
RUT-C30 were extracted using a fungal RNA extraction
kit (Omega Bio-tek, Germany). HiScript® III RT Super-
Mix for qPCR (+gDNA wiper) Kit (Vazyme, China) was
used to obtain the first-strand cDNA. ChamQ Universal
SYBR qPCR Master Mix Kit (Vazyme, China) was used to
detect the relative RNA level by the ABI Stepone instru-
ment Plus (ABI, Germany) with software Version 2.3
(ABI, Germany). The primers for qPCR were displayed in
Additional file 1: Table S1. The gene scarl was selected
as the reference gene for data normalization. The intron
retention rate presented in percentage was calculated as
follow: the mRNA level of the retained intron in the tar-
get gene was divided by the total mRNA level of the tar-
get gene.

Enzyme assay and detection of DNA content

For the measurement and calculation of (hemi)cellulase
activities, the spores were first pre-cultured in SDB broth
at the content of 10’/mL for 48 h and then inoculated into
TMM medium at the concentration of 10% for 7 days, the
samples were drawn based on different requirements and
then centrifuged at 14,000 g, 4 “C, 10 min. The (hemi)cel-
lulase activities of the supernatants were performed as
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described in our previous research [22] and the mycelia
were used for DNA content detection.

Microscopy observation

Hyphae of T. reesei RUT-C30 treated with NMD inhibi-
tor at different time periods were loaded on a glass slide,
covered with a cover glass, and observed on an inverted
confocal laser scanning microscope SP8 (Leica, Ger-
many) with a 100 X 1.4 NA oil-immersion objective.
405 nm was used as the excitation wavelength of light and
the emission was detected in the range of 415—495 nm.

Results

Concomitant increase in IR rates and decrease in gene
expression was observed for cellulase genes

To investigate the possible role of intron retention on cel-
lulase production, we detected the dynamic mRNA levels
and IR rates of cellulase genes under cellulase-producing
conditions (cellulose and lactose) and cellulase non-
producing condition (glucose) (Figs. 1 and Additional
file 1: Fig. S1), including exoglucanase 1 (cel/7a, CBH),
endoglucanase I (cel7b, CMC), and B-glucosidase (cel3a,
BGL). There are 2 introns in cel7a (cel7a-i and cel7a-ii),
cel7b (cel7b-i and cel7b-ii), and cel3a (cel3a-i and cel3a-
ii), respectively (Fig. 1). The total mRNA levels of cel7a,
cel7b, and cel3a were the highest in T. reesei grown on
cellulose, followed by that on lactose and glucose, respec-
tively (Fig. 1A—C), which is consistent with the cellulase-
inducing ability of cellulose, lactose, and glucose in the
decreasing order. In contrast, the retention rates of all
introns in cel7a, cel7b or cel3a were the lowest in T. ree-
sei grown on cellulose, followed by that on lactose and
glucose, respectively. On cellulose, where cellulase were
necessary for the conversion of cellulose to glucose for
cell growth, cel7a, cel7b or cel3a were highly expressed
and their IR rates were all pretty low with a range from
0.03% to 3.12%. On lactose, a weaker cellulase inducer
than cellulose, the retention rates of the two introns in
cel7a (cel7a-i and cel7a-ii) were not changed in com-
parison with that on cellulose, while the retention rates
of introns in cel7b and cel3a were increased moderately.
Meanwhile, the mRNA levels of three cellulase genes
were reduced in comparison with that on cellulose. On
glucose that almost abolished cellulase production, the
transcriptional levels of cel7a, cel7b or cel3a were mark-
edly reduced, while the retention rates of introns in cel7a,
cel7b or cel3a were all upregulated significantly, as com-
pared to that on cellulose. The retention rates for cel3a-
i and cel3a-ii were the maximum on day 1 in T. reesei
grown on glucose, which was 88.3% and 23.4%, respec-
tively. Then, the retention rates for cel3a-i and cel3a-ii
were decreasing as glucose was consumed. The highest
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retention rates of ce7b-i and cel7b-ii on glucose were
48.0% and 97.4% on day 3, respectively. The retention
rates of cel7a-i and cel7a-ii were all very low at all tested
carbon sources in the range of 0.11-2.99%, indicating
that the retention of the two introns in ce/7a was not sig-
nificant. It seems the IR rates of cellulase genes was nega-
tively correlated with their gene expression, being much
higher under cellulase non-producing condition than cel-
lulase producing conditions. Obviously, intron retention
of cellulase genes plays a crucial role in modulating cel-
lulase biosynthesis.

The NMD pathway is more active

under cellulase-producing condition than cellulase
non-producing condition

As the retained introns in cellulase genes cel7a, cel7b,
and cel3a contain PTCs (Fig. 1), the intron-retaining
transcripts of cel7a, cel7b, and cel3a might be the tar-
gets of the NMD pathway. In the NMD pathway, pro-
teins UPF1, UPF2, and UPF3 constitute the core NMD
complex with UPF1 as the core factor [23]. Eukaryotic
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release factor 1 and 3 (ERF1 and ERF3) can bind to
UPF1 to induce the degradation of mRNA [24]. We
detected the mRNA transcripts of gene upfl, upf2,
upf3, eRF1 and eRF3 in RUT-C30 cultured on TMM
with 2% cellulose (cellulase-producing condition) or
2% glucose (cellulase non-producing condition) by RT-
qPCR (Fig. 2). The mRNA expression of eRF3 was not
detected under all the tested conditions. Most of the
time, the relative expression level of gene upfl, upf2,
upf3, and eRFI on 2% cellulose was higher than its cor-
responding mRNA levels on 2% glucose on the same
day (Fig. 2). However, the expression levels of upf1 were
much lower than that of the other three genes upf2,
upf3, and eRF1 under different carbon sources. Except
upfl that displayed fluctuated expression levels, the
other three genes all showed upward trends through
the whole fermentation on cellulose. On glucose, the
transcriptional levels of upfl and wupf2 were upregu-
lated in the first 3 days during which glucose was con-
sumed completely, and decreased in next 4 days, while
upf3 and eRFI exhibited increasing trends similar to
that on cellulose. These results indicated that the NMD
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pathway was more activated under cellulase-producing
condition than cellulase non-producing condition.

The intron retention rates of cellulase genes were
increased when the NMD pathway was repressed by its
inhibitor
Next, we measured the effect of the NMD pathway inhib-
itor (caffeine) on the mRNA levels of genes upfl, upf2,
upf3, and eRFI at different fermentation times (Fig. 3).
The mRNA levels of upfI were significantly decreased at
2, 72, and 120 h, but was not changed at 12 h. The tran-
scription levels of upf2 were reduced noticeably at all
tested timepoints. The expression of upf3 was upregu-
lated at 2 h, downregulated at 12 and 72 h, and then
unchanged at 120 h. The mRNA abundance of eRFI were
decreased remarkably at 2, 12, and 120 h, but increased
at 72 h. These results implied that the active NMD path-
way under cellulase-producing condition was probably
inhibited in T. reesei RUT-C30 treated with the NMD
inhibitor.

Given that the function of NMD is to degrade mRNA
containing PTCs which might be caused by IR during
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the alternative splice process, the repression of the NMD
pathway might influence the IR degrees of the major cel-
lulase genes and their mRNA levels. Thus, we detected
the mRNA levels and IR rates of cel7a, cel7b, and cel3a
in T. reesei grown on cellulose in the presence of the
NMD pathway inhibitor (Fig. 4). The transcription levels
of cel7a, cel7b, and cel3a were sharply decreased on day
3 and day 5 in RUT-C30 treated with the NMD pathway
inhibitor (Fig. 4A—C). On the contrary, on day 3 after
the treatment of the NMD inhibitor, all introns of cel7a,
cel7b, and cel3a were increased sharply in RUT-C30
treated with the NMD pathway inhibitor in comparison
with that in untreated RUT-C30, except that the reten-
tion rate of cel7a-ii was decreased (Fig. 4D—F). The reten-
tion rates of cel7a-i, cel7a-ii, cel7b-i, cel7b-ii, cel3a-i, and
cel3a-ii were increased from 0.39% to 4.00%, from 0.31%
to 0.16%, from 1.90% to 29.56%, from 3.23% to 19.68%,
from 3.48% to 78.91%, from 6.03% to 34.19%, respec-
tively. Similarly, the significantly increased retention rates
of all the introns in cel7a, cel7b, and cel3a were observed
on day 5 in T. reesei with the treatment of the NMD path-
way inhibitor. Interestingly, the retention rate of cel3a-i
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was much higher than that of cel3a-ii, which suggested
that cel3a-i was easier to retain in mRNA than cel3a-ii
in the presence of the NMD pathway inhibitor (Fig. 4F).
In T. reesei treated with the NMD pathway inhibitor on
day 5, the highest retention rate belonged to cel3a-i, fol-
lowed by cel3a-ii, cel7b-i, cel7b-ii, cel7a-i, and cel7a-ii in
a decreasing order. Clearly, the IR rates of cellulase genes
cel7a, cel7b, and cel3a were markedly upregulated by the
NMD pathway inhibitor, while the mRNA levels of these
genes were decreased noticeably.

The repression of the NMD pathway led to the notable
inhibition of cellulase production

Inspired by the dramatic decrease of the mRNA levels
of the major cellulase genes in the presence of the NMD
pathway inhibitor, we speculated that the cellulase pro-
duction would also be reduced. With this in mind, the
cellulase activities of 7. reesei RUT-C30 cultured on
different carbon sources were measured in the pres-
ence of the NMD pathway inhibitor (Fig. 5). The (hemi)
cellulase activities including FPase activity (the filter
paper activity), pNPCase activity (the CBH activity),
CMCase activity (the CMC activity), pNPGase activ-
ity (the B-glucosidase activity), pNPXase activity (the
B-xylosidase activity), and the secreted protein concen-
tration were all sharply declined in T. reesei RUT-C30
cultured on cellulose with the NMD pathway inhibitor
on day 5 (Fig. 5). A similar inhibition effect of the NMD

pathway inhibitor on cellulase activities was observed in
T. reesei cultured on lactose for day 3 (Fig. 5). However,
the pNPXase activity on lactose was increased after the
addition of the NMD pathway inhibitor (Fig. 5E). When
using glucose as the sole carbon source, the (hemi)cellu-
lase activities were not affected significantly in the pres-
ence of the NMD pathway inhibitor (Fig. 5). Collectively,
the NMD pathway inhibitor inhibited the (hemi)cellulase
production in T. reesei RUT-C30 cultivated on cellulose
or lactose, indicating the NMD pathway plays an impor-
tant role in the production of (hemi)cellulase. This data
was consistent with the notable reduction of cellulase
genes at the mRNA level upon the addition of the NMD
pathway inhibitor (Fig. 4).

Phenotype profiling of T. reesei RUT-C30

with the treatment of the NMD pathway inhibitor

We investigated the impact of the NMD pathway inhibi-
tor on the cell growth, sporulation, and morphology of T.
reesei grown on different carbon sources (Fig. 6). Regard-
less the carbon sources, the cell growth of T. reesei were
obviously decreased in the presence of the NMD path-
way inhibitor (Fig. 6A). Similarly, the number of spores
in the supernatants of RUT-C30 treated with the NMD
inhibitor were sharply decreased (Fig. 6B). After the addi-
tion of the NMD pathway inhibitor, the spore amount of
T. reesei proliferated on cellulose, lactose, and glucose
were notably decreased, only 28.6%, 40%, and 17.2% of
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that of the untreated T. reesei (17.5 x 10*/mL, 12.5 x 10%/
mL, and 14.5 x 10*/mL). Moreover, the confocal laser
scanning microscope (CLSM) was used to investigate
the effect of the NMD pathway inhibitor on the mycelial
morphology of T. reesei RUT-C30 grown on cellulose,
lactose and glucose (Fig. 6C). No matter what the carbon
source was, the mycelia of the untreated 7. reesei RUT-
C30 were grown well and distributed evenly, whose shape
was mostly slender, while the morphology of mycelia
became swollen with shorter mycelia length on 2% cel-
lulose or lactose in the presence of the NMD inhibitor.
However, this phenomenon was not observed in RUT-
C30 cultured on glucose in the presence of the NMD
pathway inhibitor, implying that the morphology of T.
reesei RUT-C30 cultured on cellulose was more sensitive
to the NMD pathway inhibitor than on lactose or glu-
cose. Collectively, the growth and sporulation ability of T.
reesei were significantly suppressed by the NMD pathway
inhibitor together with altered morphology.

The TOR pathway was influenced by the NMD pathway
inhibitor

The mRNA levels of the two key genes in the TOR path-
way (trfkbp12 and trTORI) in T. reesei grown on cellu-
lose in the presence of the NMD pathway inhibitor were
measured by RT-qPCR (Fig. 7A, B). The transcription lev-
els of trfkbp12 and trTOR1 were markedly reduced by the
NMD pathway inhibitor during the whole fermentation

process. Furthermore, the trfkbpl2-knockout strain
/\trfkbp12 showed lower cellulase activities and protein
secretion than the parental strain KU70 after the treat-
ment of the NMD inhibitor (Fig. 7C), implying that the
absence of gene trfkbp12 makes T. reesei more sensitive
to the NMD pathway inhibitor. Gene trfkbp12 might play
a role in antagonizing the cellulase-depression impact of
the NMD pathway inhibitor.

Discussion

IR is the prevalent type of alternative splicing in fungi
and plant, whereas exon skipping (ES) is the most com-
mon kind of alternative splicing in animals [7, 25-27].
Although IR is often shown to be involved in the regula-
tion of vital developmental events in plants and animals
[28, 29], the functional involvement of IR in lower eukar-
yotic filamentous fungi has not been well studied. For the
first time, we investigated the role of IR and NMD in cel-
lulase biosynthesis in filamentous fungus (Fig. 8).

IR is well known to play a fundamental role in the
fine-tuning of gene expression. During the differentia-
tion of embryonic stem cells into neural progenitors, IR
facilitated the increased expression of genes with neu-
ron-specific functions and the decreased expression of
genes related with cell cycle progression [29]. In C. neo-
formans, IR represents an additional layer of gene expres-
sion regulation in response to environmental changes
[30]. Particularly, the association of high IR rates with
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down-regulation of gene expression have been well
reported [31]. The high IR rate of a-glucosidase reduced
its production in Aspergillus niger [31]. The artificial elim-
ination of the retained introns in gene Pab2p in Crypto-
coccus neoformans results in enhanced gene expression
[32]. Retained introns in a murine neuroblastoma cell
line was shown to negatively regulate genes with neural-
associated functions [33]. Similarly, we observed a nega-
tive correlation between cellulase gene expression and
their intron retention rates in 7. reesei here (Fig. 8). The
IR rates of cel7a, cel7b, and cel3a were decreased under

cellulase-producing condition that has high expression of
cellulase genes, as compared to cellulase non-producing
condition with low expression of cellulase genes, impli-
cating that IR is involved in coordinating cellulase gene
expression.

In animals, IR functions widely to decrease the levels
of transcripts that are not relevant for the physiology of
the cell or tissue type [29]. An identical function of IR in
the three major cellulase genes was found in this study.
Cellulase genes cel7a, cel7b, and cel3a are required for T.
reesei cultivated on cellulose to produce cellulase for the
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conversion of cellulose to glucose for cell growth and sur-
vival, where the expression of cel7a, cel7b, and cel3a were
very high with low IR rates. Instead, when T. reesei was
grown on glucose, genes cel7a, cel7b, and cel3a are not
required and their mRNA abundance is low with high IR
rates. Clearly, IR also functions to reduce the expression
of relatively low abundance transcripts that lack physi-
ological relevance to the T. reesei cells.

Intron retention is considered as a critical mechanism
that independently reduces gene expression in nor-
mal biology. Increased IR is generally correlated with

reduced mRNA and protein level. Increased IR observed
under cellulase-repression condition might present an
additional layer of gene expression regulation at post-
transcriptional level to carbon catabolite repression at
transcriptional level, ensuring the cellulase genes are
not translated in 7. reesei grown on glucose when cel-
lulase is not required. In animals, IR functions widely to
decrease the levels of transcripts that are not relevant for
the physiology of the cell or tissue type [29]. Meanwhile,
IR may control translation of cellulase genes in a cellu-
lose specific manner, that is, by retaining introns in the
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mature mRNAs of cellulase genes and only splicing when
necessary, to induce rapid protein production in T. reesei
once encountering cellulose, which has been reported for
genes related to development in plants and sea-anemo-
nes [4, 34].

IR events tune gene expression via different mecha-
nisms. IR is associated with lower protein levels due
to intron-retaining transcripts are either degraded by
NMD or are not actively translated after escaping NMD
[35]. In contrast, another set of IR events were reported
to control gene expression by nuclear retention and
exosome-mediated degradation of the intron-contain-
ing mRNA [33]. We found that the NMD pathway takes
a great part in the control of the intron-containing cel-
lulase genes. The active NMD pathway was found under
cellulase condition when the cellulase genes were highly
expressed with low IR rates. Moreover, in 7. reesei
grown on cellulose with the NMD pathway repressed
by its inhibitor, the concomitantly increased IR rates
and decreased cellulase gene expression was observed,
which led to the notable inhibition of cellulase produc-
tion. The IR of cellulase genes is coupled to the NMD
pathway to regulate their own expressions when differ-
ent carbon sources are utilized. It seems that the active
NMD pathway with low intron retention rates of cel-
lulase genes are essential for cellulase biosynthesis in
filamentous fungus. This finding supports and expands
the previously demonstrated function of IR coupled to
NMD in regulating gene expression of arginine/serine

rich splicing factor in animals [36], functionally rel-
evant genes in granulocyte differentiation [37], and cir-
cadian rhythm-related genes in plants [38]. IR coupled
to NMD can orchestrate gene expression, which is inde-
pendent on transcriptional regulation. For instance, the
coupling of IR to NMD has been reported to coordinate
a number of functionally relevant genes in granulocyte
differentiation, being required for normal granulopoie-
sis [37]. Meanwhile, tissues deficient in NMD exhibited
a notable rising in low-abundant PTC-containing tran-
scripts [39, 40]. In this study, we demonstrated that the
expression of cellulase genes is regulated by IR-NMD
RNA surveillance machinery (Fig. 8).

The TOR (Target of Rapamycin) signaling pathway is
considered to be an important signaling hub coordinat-
ing the response of cell growth and metabolism to envi-
ronmental factors, such as growth factors and nutrients
in eukaryotic cells [41]. The peptidyl-prolyl cis/trans
isomerase FKBP12 first binds to rapamycin to form a
complex that subsequently interacts with the TOR
kinases, such as TOR1, and inhibits their functions [42].
The expression levels of genes trFKBPI12 and trTORI
were significantly reduced in the presence of the NMD
inhibitor. Knockout of gene trFKBPI2 increased the
sensitivity of 7. reesei to the NMD inhibitor, as indi-
cated by the decreased cellulase production in strain
AtrFKBP12 with the treatment of the NMD inhibitor,
as compared to the parental strain KU70. Neverthe-
less, it is unknown how the TOR pathway is involved in
the regulation of cellulase production by IR-NMD. The
TOR growth-signalling network has been reported to
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be closely related to the regulation of growth by excised
linear introns in yeast [43].

Conclusions

In summary, we investigated the effect of IR of major
cellulase genes cel7a, cel7b, and cel3a on their own gene
expression and cellulase production in 7. reesei RUT-C30.
The much higher expression levels of these cellulase genes
was concomitant with their lower IR rates under cellulase-
producing condition (cellulose and lactose) than cellulase
non-producing condition (glucose). It seems that the IR
of cellulase genes acts to decrease the levels of cellulase
transcription that are less or not required for the physiol-
ogy of the T. reesei cells grown on glucose. Meanwhile, the
NMD pathway was more active in 7. reesei on cellulose
than on glucose. When the NMD pathway was blocked by
its inhibitor in T. reesei cultivated on cellulose, the tran-
scriptional levels of cellulase genes were notably reduced
and their IR rates were markedly increased, leading to the
drastic drop of cellulase production. This further evidence
that IR was linked with the NMD pathway to tune expres-
sion of cellulase genes at the post-transcriptional level.
Meanwhile, the growth and sporulation ability of T. ree-
sei cultured on cellulose were noticeably inhibited by the
NMD pathway inhibitor together with altered morphol-
ogy. Furthermore, the NMD pathway inhibitor reduced
the mRNA levels of trfkbpl2 and trTORI, two crucial
genes in the TOR pathway. Meanwhile, the absence of
gene trfkbpl2 compounded the inhibition effect of the
NMD pathway inhibitor on the cellulase production using
cellulose. All these results indicate that the IR of cellulase
genes regulates their own gene expression by coupling
with the NMD pathway to determine cellulase biosyn-
thesis in T. reesei, which might be facilitated by the TOR
pathway. These observations have implications for our
understanding of IR-NMD-mediated RNA regulation of
cellulase, and will help in the design of cellulase-hyper-
producing strains in industry.
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